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ABSTRACT 
 
Perovskite-type oxides show irrefutable potential for feasible thermochemical solar-
driven CO2 conversion. These materials exhibit the exact characteristics required by the low 
temperature reverse water-gas shift chemical looping process. These properties include structural 
endurance and high oxygen redox capacity, which results in the formation of numerous oxygen 
vacancies, or active sites for CO2 conversion. A major drawback is the decrease in oxygen self-
diffusion with increasing perovskite particle size. In this study, the La0.75Sr0.25FeO3 (LSF) 
perovskite oxide was combined with various supports including popular redox materials CeO2 
and ZrO2 along with more abundant alternatives such as Al2O3, SiO2, and TiO2, in view of its 
potential application at industrial scale. Supporting LSF on SiO2 by 25% mass resulted in the 
largest increase of 150% in CO yields after reduction at 600 °C. This result was a repercussion of 
significantly reduced perovskite particle size confirmed by SEM/TEM imaging and Scherrer 
analyses of XRD patterns. Minor secondary phases were observed during the solid-state 
reactions at the interface of SiO2 and TiO2. Density functional theory-based calculations, coupled 
with experiments, revealed oxygen vacancy formation only on the perovskite phase at these low 
temperatures of 600 °C. The role of each metal oxide support towards suppressing or enhancing 
the CO2 conversion has been elucidated. Through utilization of SiO2, the reverse water-gas shift 
chemical looping process using perovskite-based composites was significantly improved.  
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CHAPTER 1: INTRODUCTION 
 
Throughout preceding decades, global environmental concerns instigated a major shift of 
research focus and investment in renewable energy generation. However, the need for fossil fuels 
remains on the rise due to demand for transportation fuels and electricity, resulting in vast 
emissions of carbon dioxide, a major greenhouse gas. Carbon capture and storage (CCS) is 
aimed at mitigating this CO2 emission problem and promote carbon neutrality. However, annual 
emissions (~35 GT in 2015) continue to relentlessly outweigh the scale of reutilization 
(estimated ~35 MT in early 2017).1 This scenario demands several processes that are capable of  
 
Figure 1. Reverse water-gas shift chemical looping (RWGS-CL) process 
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converting CO2 to CO to valuable hydrocarbons.2 The extreme conditions required for natural 
CO2 dissociation, over 2000 °C in vacuum,3 underscore the need for catalytic reinforcements and 
more energy-efficient processes. Amongst the proposed techniques, solar thermochemical 
approach (STC), for instance, is particularly attractive.4-10 It presents the novelty of harvesting 
solar energy towards repurposing waste CO2 emissions to hydrocarbons. Corresponding CO 
selectivity and CO2 conversion rates are much higher than those of photocatalytic methodologies 
which struggle to achieve even 1 μmol gcat-1 min-1.11 However, STC processes are typically 
accompanied by extreme operation temperatures (≥ 1000 °C),7-8 thereby limiting implementation 
due to a narrow range of stable materials. A feasible alternative, reverse water gas shift chemical 
looping (RWGS-CL), is capable of converting CO2 to CO at much lower temperatures (450 – 
700 °C).    
The RWGS-CL process (Figure 1) is a 2-step process, previously demonstrated by our 
group,12 whereby metal oxides (MOX) are used for generation of 100% selective CO from CO2. 
In comparison to general CO2 splitting,5, 13 CO formation rates in the RWGS-CL process are 
much higher in a much lower operation temperature of about 450-750 °C depending on the oxide 
used.14 The first step involves partial reduction of the perovskite oxides to their oxygen deficient 
forms (MOX-δ) under exposure to hydrogen. The second step is the platform for converting CO2 
to CO over these oxygen vacant perovskites, allowing the oxides to regain their original 
stoichiometric forms (MOX). This cyclic operation converts CO2 to CO, which can be 
subsequently converted to hydrocarbons via Fischer-Tropsch synthesis. The overall process for 
producing and using these fuels can be CO2-neutral to the environmental if solar (or other non-
fossil fuel derived energy source) is used for hydrogen generation (i.e., water splitting). Low and 
moderate temperature thermochemical processes permit higher sun-to-fuel efficiencies compared 
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to current and future technologies, making RWGS-CL appropriate for large-scale 
implementation.15-16 Wenzel et al. investigated the solar-to-fuels efficiencies of the isothermal 
chemical looping process and determined a reactor system with separation may consume up to 
54% less energy than the conventional reverse water gas shift reaction.16 Given the promising 
potential of the RWGS-CL process, it is thus imperative to identify and optimize a suitable 
catalytic material. 
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CHAPTER 2: MATERIAL BACKGROUND 
2.1 Perovskite Oxides 
Perovskite oxides (ABO3) are key materials that support and enable this operation due to 
their consistent and intrinsic stability in both stoichiometric and non-stoichiometric forms,17-21 
fitting the criteria for generating vast quantities of CO. With the ability to tailor the lattice and 
synthesize an infinite array of metal combinations, scientists can fine-tune the properties of these 
materials to maximize redox abilities.14, 17 The A-site typically consists of lanthanides and 
alkaline Earth metals while the B-site if most often occupied by transition metals and semi 
metals.17 Perovskites of diverse compositions, such as La0.75Sr0.25FeO3 (LSF) and 
La0.6Ca0.4MnO3 (LCM), have been shown to match and even surpass the redox activity of 
popular redox materials such as CeO2 in the thermochemical conversion of both CO2 and H2O.14, 
22-24 The utilization of perovskites in redox applications is advantageous due to the formation of 
an oxygen diffusion network throughout the bulk lattice. In the instance of C-O bond cleavage 
during CO2 reduction on the catalyst surface, the resulting oxygen atom diffuses into the bulk 
and reopens the active site. Stable nonstoichiometric perovskites with high concentrations of 
vacancies typically exhibit higher rates of oxygen self-diffusion25-26 as well as stronger CO2 
affinity.27 The ability for these materials to repeatedly produce and replenish vacancies while 
retaining structural stability in chemical looping processes therefore provides a stable foundation 
for feasible CO2 conversion over long periods. 
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2.2 Oxygen Self-Diffusion 
The true potential of many perovskites remains unrecognized due a considerable lack of 
specific surface area.17 With emerging reactor technology for water-gas shift reactions and 
thermochemical splitting,28-30 it is crucial to design novel perovskite-based materials that 
maintain high surface area over long-term use at elevated temperatures. Industrial-scale pellets 
are often shaped as spheres, Raschig rings, and other common variations with an extruded 
substrate serving as a catalyst support.31-33 As opposed to using bulk single-phase catalyst pellets, 
the inclusion of supporting material is necessary to improve perovskite surface area and 
accelerate oxygen self-diffusion. The speed at which oxygen is recovered by nonstoichiometric 
oxides may be modeled with the one-dimensional equation 
𝑀𝑀𝑡𝑡
𝑀𝑀∞
= 1 −  � 2𝐿𝐿2exp (−𝑏𝑏𝑛𝑛2𝐷𝐷𝐷𝐷𝑙𝑙2 )
𝑏𝑏𝑛𝑛2(𝑏𝑏𝑛𝑛2 +  𝐿𝐿2 + 𝐿𝐿) . . . . . . . . . . (1)∞
𝑛𝑛=1
 
where Mt is the sample mass at time t, M∞ is the sample mass at the experiment conclusion, and l 
is the radius. D represents the effective diffusivity of the oxygen vacancy which in this case will 
depend on the perovskite metallic composition and a thermodynamic proportionality factor.35-36 
An effective diffusivity coefficient (D) of 2 × 10-7 cm2/s was obtained for LSF at 600 °C through 
the interpolation of data obtained by Armstrong et. al 37. L is the dimensionless ratio lk/D where 
k is the surface exchange coefficient, given as 10-5 cm/s.38 bn is the nth positive root of b*tan(b) = 
L.34 Figure 2a illustrates this phenomena with LSF and foreshadows low CO yields and long 
cycle times if pellets are designed without supporting material. Therefore, the identification of an 
optimal material that is proficient in maintaining small catalyst particle sizes and, as a result, 
enhance the CO2 convertibility of LSF and other perovskite oxides. Powders synthesized by gel-
based citrate methods often result in particle sizes ranging from 30 to 80 nm.27, 39-40 Others have 
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achieved below 10 nm by utilizing alternative chelating agents or low calcination 
temperatures.41-42 However, using LCM as an example, Figure 2b shows a decline in the stability 
of perovskites calcined at lower temperatures after converting H2 and CO2 in temperature-
programmed oxidation experiments. This lack of stability is denoted by the presence of binary 
oxide impurities. Therefore, the search for a supporting material that can reverse the sintering of 
perovskite particles synthesized at higher temperatures remains imperative. This would result in 
smaller perovskite nanoparticles, accelerated oxygen self-diffusion, and enhanced CO production 
yields. 
 
Figure 2. Self-diffusion and stability properties. a) Change in nonstoichiometric LSF mass over 
time with different particle sizes. The time required for vacancies to replenish decreases with 
particle size as calculated by Eqn 1 (D = 2 × 10-7 cm2/s). b) Structural stability of post-reaction 
La0.75Ca0.25MnO3 calcined at different temperatures (1200 and 950 °C). 
 
2.3 Material Overview  
 The ideal support should further enhance the capabilities of perovskites already popular 
in applications that rely on oxygen vacancy formation. LSF in particular has shown great 
promise in RWGS-CL process due to the low energy barrier for oxidation state transitions (Fe+3 
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– Fe+2) during redox cycles.43 CO2 also exhibits affinity for the material due to the slight basicity 
of La,44 while moderate Sr doping results in slight oxygen deficiency to promote a greater extent 
of oxygen self-diffusion throughout the lattice.45 Our group previously demonstrated 
indispensable characteristics of LSF such as the perovskite’s willingness46 to retain 
nonstoichiometry and endure numerous cycles of RWGS-CL at low temperatures.10 Due to its 
stability and superior CO2 conversion rates, LSF is a suitable candidate for RWGS-CL processes 
By focusing strictly on oxide supports, there lies the potential to expand the perovskite 
oxygen network. CeO2 for instance is a popular material for its high extent of oxygen vacancy 
formation and replenishment in various redox applications.47-54 ZrO2 has also sufficed as both an 
active catalyst and efficient catalyst support 55-56 and may even introduce additional oxygen 
vacancies when Zr is doped into the active phase.57-58 While catalyst size reduction was already 
demonstrated using these supports,59 large-scale CO2 utilization will nonetheless require a lower 
cost alternative. A few earth-abundant examples include Al2O3, SiO2, and TiO2, each of which 
have been previously tested as supports for assorted types of catalysts.13, 60-68 
This study concentrated on the use of various catalyst supports for reducing complex 
oxide particle size, and therefore, increasing CO formation in the RWGS-CL process. While 
focus was given to LSF, the ideal support should suffice for any thermodynamically stable 
perovskite capable of sustaining vacancies without deterioration. LSF was supported on popular 
materials such as CeO2 and ZrO2 along with more abundant alternatives including Al2O3, SiO2, 
and TiO2. These composites were tested in temperature-programed experiments with H2 and CO2 
to observe distinctions in redox activity. These findings were backed by density-functional 
theory (DFT) based calculations regarding vacancy formation energies. Samples were 
intensively characterized with X-ray diffraction (XRD), scanning electron microscopy (SEM), 
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and transmission electron microscopy (TEM) to decipher the crystallographic reasoning behind 
improved or curtailed CO2 conversion by perovskites in the RWGS-CL process. 
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CHAPTER 3: EXPERIMENTAL METHODS 
3.1 Composite Synthesis 
A sol gel-based Pechini method was used to synthesize the La0.75Sr0.25FeO3 (LSF) 
perovskite oxide similar to that proposed by Popa and Kakihana.40 Using citric acid (CA) 
(Aldrich >99.5%) as a chelating agent, a 2 M aqueous solution was made with deionized water. 
Metal precursors La(NO3)3 (Aldrich 99.9%), SrCO3 (Aesar 99.994%), and Fe(NO3)3 (Aldrich 
ACS grade +98%) were each dissolved into the CA solution followed by 2 hr of stirring (200 
rpm) at 60°C to minimize mixture variations. Ethylene glycol (EG) (Aldrich >99%) was then 
added to induce polyesterification as the solution was stirred for 7 hr at 90°C. All reagents were 
measured to achieve a La : Sr : Fe : CA : EG molar ratio of 0.75 : 0.25 : 1.0 : 10 : 40.69 The 
resulting dark red viscous gel (Figure 3a) was immediately charred at 450°C (25°C/min) for 2 hr. 
The solidified residue (Figure 3b) was crushed into powder and further calcined in air at 950°C 
(25°C/min) for 6 hr to finalize LSF crystallization (Figure 3c). 
 
Figure 3. Perovskite synthesis stages. a) the red viscous gel following polyesterifcation, b) the 
solidified residue after charring, and c) the final perovskite powder after calcination at 950 °C 
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The resulting catalyst was then combined with CeO2, ZrO2, Al2O3 (Sigma-Aldrich puriss 
corundum) , SiO2 (Sigma-Aldrich purum quartz), TiO2 (Alfa Aesar 99.5% rutile) 25% by mass. 
CeO2 and ZrO2 in particular were acquired by thermolysis of Ce(NO3)3 (Alfa Aesar 99.5%) and 
ZrO(NO3)2 respectively at 600 °C 70. Black silicon carbide 70 grit (Panadyne Abrasives) was 
also included as a support and but was first subjected to thermal pretreatment at 1000°C for 2 hr 
to achieve crystalline phases that would remain stable throughout high-temperature TPO-CO2 
experiments. LSF and the aforementioned materials were grinded together by hand in a mortar 
and pestle for about 15 min and then heated in air at 950°C for 10 hr to achieve aggregation of 
constituents. 
3.2 Reaction Experiments 
Mass spectrometry is a laboratory technique capable of detecting gases during a reaction. 
Relevant molecules such as H2, H2O, CO2, and CO are ionized before fragmentation species are 
sorted based on mass-to-charge ratios. A Faraday detector at its highest accuracy was used for all 
experiments. A MKS Cirrus mass spectrometer was used to monitor H2O and CO production by 
perovskites in a variety of experiments. This system was preceded by a Alicat mass flow 
controller manifold that consisted of ultra-high purity gases supplied by Airgas along with a 
Thermo Scientific furnace. The central line consisted of He, the carrier gas, and was joined by 
those of various others gases that were required for this study. Mixed gas flows were directed 
into a quartz U-tube microreactor that was positioned in the center of the furnace before entering 
the mass spectrometer. For every experiment, the total flow rate was maintained at 50 sccm 
while the microreactor consisted of about 75 mg of sample positioned between pieces of inert 
quartz wool. An additional piece was added to the subsequent side for filtering volatile oxides 
may result from perovskite decomposition. The entire experiment set up is shown in Figure 4. 
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3.2.1 Temperature-programmed Reduction (TPR) 
Temperature-programmed reduction (TPR) experiments were conducted to assay the 
reducibility of each sample using H2 as a reducing agent. The He signal was permitted to 
stabilize for about 15 min at ambient temperature before adjusting the flow to 10% H2 in He 
(v/v). The temperature was then increased to 950°C (10 °C/min) and held constant until the m/z = 
18 signal, representing H2O, was steady. Juxtaposed TPR profiles revealed a generalized peak 
reduction temperature for the material set.  
3.2.2 Temperature-programmed Oxidation with CO2 (TPO-CO2) 
For temperature-programmed oxidations (TPO-CO2), each sample was heated under He 
flow to the desired reduction temperature. Once the He signal stabilized after about 15 min, 10% 
H2 in He (v/v) was flowed for 30 min to reduce the perovskite phase and create oxygen 
vacancies, the active sites for CO2 conversion. The oxygen-deficient material was allowed to 
cool naturally under He to about 100°C to maintain these vacancies. Each sample was then 
exposed to a 10% CO2 in He (v/v) flow and heated to 950°C (10 °C/min). and CO generation 
 
Figure 4.  Reaction experiment set up. MKS Cirrus mass spectrometer with Thermo Scientific 
furnace and Alicat mass flow controller. 
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was represented by peak formation in the m/z = 28 signal. Quantitative analysis of the resulting 
data followed procedures previously described.12 
3.2.3 Reverse Water-Gas Shift Chemical Looping (RWGS-CL) 
Several samples were tested in eight consecutive isothermal cycles of RWGS-CL. These 
experiments were conducted to prepare samples for microscopy and to quantify production 
yields and rates of select samples. Following He signal stabilization at the chosen reduction 
temperature, the process began with a 20 min period of 10% H2 in He (v/v) to instigate oxygen 
vacancy formation. He was flowed again for 20 min before changing the flow to 10% CO2 in He 
(v/v) to re-oxidize the perovskite material and generate CO. H2O and CO production was 
quantified for each cycle using the same procedures for TPO-CO2 to test reaction capability and 
durability over elongated use. 
3.3 Characterization 
3.3.1 X-ray Diffraction (XRD) 
X-ray diffraction was used to probe fresh and post-experimental samples. Main interests 
included changes in crystalline structure or secondary phases concomitant with solid-state 
reactions. A Bruker X-Ray Diffractometer with Cu Kα (λ = 0.154 nm) provided patterns at 
ambient conditions from 20 to 80° (2θ°) with a step size of 0.0102 (2θ°) and 1.2 seconds per step. 
Raw data and literature patterns from X’Pert Highscore Plus software were juxtaposed for 
reference when calculating the LSF orthorhombic lattice parameters of each sample. This assay 
consisted of indexing using Bragg’s Law and a unique geometrical formula relating interplanar 
distance to lattice parameters,71 represented as Equations 2 and 3. The exact lattice parameters of 
LSF in this study were calculated by minimizing the squared error. The orthorhombic cell 
volume was calculated using Equation 4. Library reference codes are provided where necessary.  
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2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝜃𝜃) = 𝑑𝑑𝑛𝑛 . . . . . (2) 1
𝑑𝑑2
=  ℎ2
𝑎𝑎2
+ 𝑘𝑘2
𝑏𝑏2
+  𝑙𝑙2
𝑐𝑐2
 . . . . . (3) 
𝑉𝑉 = 𝑎𝑎𝑏𝑏𝑐𝑐 . . . . . (4) 
 Interplanar distance between atomic planes is represented by d while θ denotes the angle, 
in degrees, at which a facet is probed. As aforementioned, the X-ray wavelength, λ, is maintained 
constant at 1.54 nm. The n term is a positive integer assumed to be 1. Individual miller index 
components are represented by h, k, and l while a, b, a represent lattice parameters. V is the final 
orthorhombic cell volume. 
A Scherrer analysis was also done with a shape factor of 0.9, an acceptable 
approximation for near spherical particles,71 across the width of the primary LSF (020) 
diffraction line. Using Equation 5, this permitted the comparison of crystalline sizes and surface 
areas of supported and unsupported LSF.  
𝜏𝜏 =  𝐾𝐾𝑛𝑛
𝛽𝛽cos (𝜃𝜃) . . . . . (5) 
 K represents the 0.9 shape factor. Similar to the previous equations, λ is the X-ray 
wavelength and θ is the angle of interest. β represents angle width of the (020) diffraction line at 
full width half maximum. These variables result in τ, the crystallite size in Å. 
3.3.2 Microscopy 
A Field Emission Scanning electron microscope (SEM), accompanied with energy-
dispersive spectroscopy (EDS), was used for precise imaging and elemental analysis of the post-
calcination and post-experiment perovskite phases. The Hitachi S800 SEM with EDAX 
attachment was operated with 2 nm resolution at a working distance of 5 mm. High resolution 
transmission electron microscopy (HRTEM) was carried out using a Tecnai F20 microscope 
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operated at 200 kV. Using a line resolution of 0.102 nm and 26° diffraction angle, the dominant 
LSF facet was revealed along with that of the supporting material. 
3.3.3 Physisorption 
Specific surface areas were obtained using Quantachrome Autosorb IQ analyzer. After 
degassing at 300 °C. Adsorption-desorption isotherms were obtained by measuring volume 
adsorbed by the sample at a set interval of partial pressures (P/P0) using N2  as the adsorbate at 
77 K. Specific surface area was calculated using Brunauer-Emmet-Teller (BET) method using 
adsorption data points inside the P/P0 range of 0.05 to 0.3. 
3.3.4 Fourier Transform Infrared Spectroscopy (FTIR) 
FTIR spectroscopy (attenuated total reflectance (ATR)) was performed on all the 
perovskite-support samples in the Nicolet IS50 instrument from Thermo-Scientific. All the 
spectra comprised of 50 scans, taken at a resolution of 0.241 cm-1 having a data spacing of 0.482 
cm-1. 
3.3.5 Density Functional Theory (DFT) 
The oxygen vacancy formation energy of the perovskite oxide and the metal oxide 
supports (CeO2, TiO2, SiO2, ZrO2, and Al2O3) was obtained through DFT-based calculations 
using Vienna ab initio Simulation Package (VASP – 5.3.3). Plane wave basis sets were 
considered throughout the calculations along with generalized gradient approach (GGA) for 
electron densities. Perdew-Burke-Ernzerhof (PBE) 72 variant of exchange correlation was used. 
A consistent energy cut off of 600 eV was maintained throughout the calculations. The crystal 
structures of these materials were based on the experimental results as obtained from XRD 
patterns. The atomic distribution within the crystal lattice was based on the minimum energy 
configuration as per DFT-calculations. Pure bulk LSF perovskite oxide was modeled by a 2×2×2 
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supercell comprising of 40 atoms. Monkhorst Pack grid based 4×4×4 k-point mesh was used for 
the calculations of LSF. For the metal oxides, the k-point mesh was generated according the 
supercell size in order to maintain a similar k-point grid spacing. The convergence criterion of 
0.001eV/atom was used for the ionic relaxations. Once the initial ground state configurations of 
these materials were obtained through varying cell volume calculations, these were used for 
subsequent oxygen vacancy calculations. Oxygen atoms were removed to create a consistent 
oxygen vacancy extent (δ) of 0.125. The resulting oxygen vacancy formation energies as 
calculated according to the following equation were used to gain insights on the materials’ 
tendency to form oxygen vacancies. 
𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣 =  𝐸𝐸𝑀𝑀𝑀𝑀(𝑥𝑥−𝛿𝛿) +  𝛿𝛿 × 𝑑𝑑2𝐸𝐸𝑀𝑀2 −  𝐸𝐸𝑀𝑀𝑀𝑀𝑥𝑥  . . . . . (6) 
𝐸𝐸𝑀𝑀𝑀𝑀𝑥𝑥  is the total energy of the pure stoichiometric materials (LSF and the metal oxides), n is the 
number of unit cells in a one supercell, while 𝐸𝐸𝑀𝑀𝑀𝑀(𝑥𝑥−𝛿𝛿)is that of the oxygen vacant material and 
𝐸𝐸𝑀𝑀2is the molecular energy of oxygen. The correction factor for oxygen over-binding error (for 
PBE functionals) by Wang et al. was considered as well 73. 
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CHAPTER 4: SUPPORT SCREENING RESULTS 
4.1 Temperature-programmed Experiments 
 Successful RWGS-CL is contingent on generation of oxygen vacant active sites 
throughout the perovskite surface and bulk during the reduction step. These active sites are then 
repurposed for CO2 to CO conversion in the subsequent oxidation step. Under H2 flow and 
increasing temperature, H2O formation indicates the generation of oxygen vacancies by removal 
of oxygen installed in the bulk and strongly adsorbed to the surface. Consecutive disintegration 
of the perovskite phase into simpler, unary and oxides is also observed. These reactions are 
depicted in Figure 5a by H2O formation (m/z = 18) below 700 °C and over 750 °C respectively. 
For the majority of samples, the perovskite reduction temperature remains the same as the 
unsupported control (550 °C). Others, notably LSF25/SiO2 and LSF25/TiO2, exhibit higher peak  
 
Figure 5.  Support screening reaction spectra. a) Temperature-programmed reductions with H2 
and b) temperature-programmed oxidations with CO2 for LSF and affiliated composites. 
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temperatures around 600 °C. This phenomenon may be related to the formation of cationic 
vacancies during the sintering of LSF and SiO2. A previous study done by Maiti et. al delineated 
the increase in oxygen vacancy formation energy as the extent of vacancies in the lattice 
increases.74 Therefore, the slight but permanent removal of Fe and La from the perovskite lattice 
results in the formation of FeSiO3 and La2SiO5 respectively along with the shift in the perovskite 
reduction temperature. 
 
 
Total H2O and CO yields (Table 1) were obtained from numerical integration. Most 
notably, LSF25/SiO2 resulted in the highest H2O and CO yields of 3690 and 1700 μmol/gLSF 
respectively. This significant 150% increase in CO production by LSF25/SiO2 even surpassed 
those of LSF25/CeO2 and LSF25/ZrO2. Due to the similarity between LSF and LSF25/CeO2 TPR 
profiles below 600 °C along with the CeO2 reduction peak witnessed at about 800 °C, it was 
highly unlikely that this support participated in the reactions. This catalytic hindering may be 
alleviated by using higher redox temperatures, which contradicts the incentives for feasible CO2 
utilization due to a higher energy input. While TiO2 appeared to have no consequential effect on 
Table 1. Quantified TPR and TPO-CO2 results for support screening. 
Sample H2O yield (μmol/gLSF) CO yield (μmol/gLSF) 
LSF 2210 690 
LSF25/CeO2 1720 1100 
LSF25/ZrO2 2040 1350 
LSF25/Al2O3 2920 490 
LSF25/SiO2 3690 1700 
LSF25/TiO2 2180 850 
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the reaction, the use of Al2O3 is evidently detrimental to the redox properties of LSF given the 
29% decrease in CO production. Nonetheless, LSF25/SiO2 remains the top composite candidate 
for perovskite-based syngas production. 
4.2 XRD 
XRD patterns were examined for changes in crystalline phases and the presence 
secondary phases due to solid state reactions between the perovskite and support. As illustrated 
by Figure 6, the overall stability of orthorhombic LSF (Ref. Code 00-035-1480) on each support 
is assured while (020) remains the dominant perovskite facet throughout the sample lifetime 
from particle sintering to the conclusion of TPO-CO2 experiments. The crystal structures of 
CeO2, ZrO2, Al2O3, SiO2, and Al2O3 were cubic, monolithic, hexagonal, hexagonal, and 
tetragonal respectively. Close examination revealed the minute presence of orthorhombic FeSiO3 
(Ref. Code 01-076-0886) and monoclinic La2SiO5 (Ref. Code 00-040-0234) at the LSF:SiO2 
interface following composite sintering at high temperatures. These phases have been witnessed 
before in iron oxide:silica composites13 yet are not expected to exercise notable presences as 
reflected by current difficulties in synthesizing bulk single-phase quantities of FeSiO3.75 In 
addition, cubic Fe2.5Ti0.5O4 (Ref. Code 00-051-1587) was detected at 35.6 2θ as a result from 
solid state reactions during either the reduction or oxidation of LSF. These phases do not initially 
appear detrimental to the catalytic activity but may pose consequences of interest during the 
manufacturing of large-scale pellets and monoliths. 
By utilizing the geometrical characteristics of the (020) diffraction line, LSF crystallite 
size was estimated before and after 8 cycles of RWGS-CL through a Scherrer analysis (Table 2). 
These values demonstrate the effect of each support on perovskite particles. By utilizing silica, 
the average LSF crystallite size decreases by 21% as opposed to an increase with every other  
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support. These results compliment the expected increase in catalytic performance predicted with  
Equation 1. Although the majority of the supports resulted in further sintering of the perovskite 
particles, they each induced strain on the perovskite lattice and enlarged the LSF cell volume. 
 
Figure 6.  Support screening XRD. Diffraction pattern of a) LSF and b) a close inspection of 
identified secondary phases witnessed in fresh LSF25/SiO2 (red, top) and post TPO-CO2 
LSF25/TiO2 (green, bottom). Post heat treatment at 950 °C and post TPO-CO2 diffraction 
patterns of c) LSF25/CeO2, d) LSF25/ZrO2, e) LSF25/Al2O3 (with corundum), f) LSF25/SiO2 
(with quartz), and g) LSF25/TiO2 (with rutile) which all demonstrate structural stability 
throughout material lifetime. 
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This slight expansion of interplanar distance between atoms decreases oxygen vacancy formation 
energy, making it easier for more oxygen to desorb from the lattice.39 
 
4.3 DFT 
Oxygen vacancy formation energies (Evac) serve as descriptors for the ability of an oxide 
material to convert CO2.14 If a material exhibits a high Evac, it will be unwilling to form 
vacancies, and therefore CO2 conversion active sites, at low RWGS-CL operating temperatures. 
On the other hand, a low Evac will encourage numerous vacancies that are unlikely to be 
Table 2. LSF cell volume, secondary phases identified in perovskite composites, and crystallite 
size estimations. 
Sample LSF 
orthorhombic 
cell volume 
(Å3) 
Post – 
calcination 
secondary 
phases 
Post - TPO-
CO2 
secondary 
phases 
Post - 
calcination 
LSF 
crystallite size 
(Å3) a 
Post – 8 
cycles 
RWGS-CL 
(600 °C) LSF 
crystallite 
size (Å3) a 
LSF 237.9 - - 370 351 
LSF25/CeO2 240.5 - - 384 526 
LSF25/ZrO2 239.8 - - 367 448 
LSF25/Al2O3 238.7 - - 367 475 
LSF25/SiO2 238.5 FeSiO3, 
La2SiO5 
FeSiO3, 
La2SiO5 
351 278 
LSF25/TiO2 239.6 - Fe2.5Ti0.5O4 367 448 
a Calculated by Scherrer analysis of XRD data with a shape factor of 0.9 
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replenished in an oxidation reaction. With an Evac of about 3.4 eV, calculated with Equation 6, 
LSF resides in the optimal regime for notable catalytic activity.27, 74 Each of the supporting 
materials however, including CeO2, possess Evac values greater than 4.0 eV as shown in Figure 
7a. These results suggest that each support remained inactive during TPO-CO2 experiments and 
that the perovskite was the only phase to produce vacancies after reduction at 600 °C. Given that 
popular redox materials such as CeO2 and ZrO2 themselves do not participate in the reaction, 
utilizing them in low temperature RWGS-CL would contradict the investigation for a more 
economically friendly and kinetically enhanced composite. 
 
Secondary phases identified through XRD analysis share unidentified roles in CO2 
conversion. Figure 7a also includes DFT-calculated Evac values for FeSiO3, La2SiO5, and 
Fe2.5Ti0.5O4 to provide insight regarding their own abilities to form oxygen vacancies at the 
composite interface. In regards to LSF25/SiO2, FeSiO3 possesses an Evac of about 5.3 eV while 
La2SiO5 resides in the much higher energy regime with an Evac of about 7.0 eV. Given that CeO2, 
the oxide with the lowest Evac aside from LSF, did not form its own vacancies until about 700 °C 
 
Figure 7. DFT calculations. a) Oxygen vacancy formation energies of LSF, supporting 
materials, and detected secondary phases. δ represents the extent of oxygen nonstoichiometry 
for each support. b) Variation of oxygen vacancy formation energy with lattice strain. 
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in the TPR experiments, it remains highly improbable that these secondary phases are active 
participants at these experimental temperatures. The same conclusion was reached for 
Fe2.5Ti0.5O4 due to its relatively high Evac of about 6.0 eV. 
Moreover, the increased cell volume of the LSF perovskite indicates the presence of a 
strained perovskite structure. As shown in Figure 7b, an expanded crystal lattice enables oxygen 
vacancy formation in LSF. Thus, these strained interfaces, suggested by cell volume calculations 
in Table 1, were found to promote oxygen vacancy creation and subsequently enhance CO2 
conversion. This is apparently associated with formation of secondary phases (FeSiO3, La2SiO5, 
Fe2.5Ti0.5O4) at the LSF:support interface. These secondary phases act as catalyst poisons, 
reducing the composites’ ability to accommodate oxygen vacancies and CO generation capacity. 
They are also believed to be the underlying cause of an increase in Evac due to additional cationic 
vacancies,74 and therefore the reduction temperature observed in the TPR experiments; most 
notably for SiO2 and TiO2. 
4.4 Microscopy 
Detailed images of each composite following 8 cycles of RWGS-CL are arranged in 
Figure 8. TEM revealed a consistent interplanar spacing of 0.27 Å for the LSF (020) facet when 
combined with each support. Minor amounts of strain resulted at each perovskite:support site of 
contact due to both interfacial forces and cationic migration during solid state reactions at high 
temperatures. The interplanar spacings of the LSF (020) facet on CeO2, ZrO2, Al2O3, SiO2, and 
TiO2 are 2.86, 2.74, 2.74, 2.78, and 2.70 Å respectively. The repercussions of this expanded  
lattice include decreased oxygen vacancy formation energy by perovskites and increased cell 
volume in accordance with XRD data.  
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The SEM images however provided valuable insight to changes in CO2 conversion by 
LSF. The CeO2, ZrO2, and SiO2 supports form small particles which correspond to the high CO 
yields in the TPO-CO2 experiments. SiO2 in particular demonstrated the greatest reduction in 
perovskite particle size, especially in comparison to the abundant alternatives. Not only did LSF 
retain its size, but the hexagonal Al2O3 plates and TiO2 growth appeared to mask the perovskite  
 
 
Figure 8. Support screening microscopy. SEM and TEM images respectively of a-b) 
LSF25/CeO2, c-d) LSF25/ZrO2, e-f) LSF25/Al2O3, g-h) LSF25/SiO2, and i-j) LSF25/TiO2 all after 8 
cycles of the RWGS-CL process at 600 °C 
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as seen in Figure 8e and 8i respectively. This encapsulation explains the absence of kinetic  
enhancement when using Al2O3 and TiO2 as supports with physical barriers hindering CO2  
adsorption to the perovskite surface. 
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CHAPTER 5: A SiO2 FOUNDATION 
 
Given the results from previous chapter, it is thus imperative to narrow the focus to SiO2 
and the reasoning behind its capability. The LSF perovskite and SiO2 support were combined 
into a composite powder as a novel candidate material for efficient CO2 conversion in RWGS-
CL. Black silicon carbide, a popular non-oxide support76-77, was also tested as a non-oxide 
alternative. Different perovskite:silica mass ratios are included, resulting in varying magnitudes 
of secondary phase formation and surface wetting. Sample nomenclature is displayed in Table 3. 
Structural stability and long-term activity of top performing materials are demonstrated in 8 
cycles of RWGS-CL. DFT was used to calculate the oxygen vacancy formation energies of each 
oxide present in the composite, thus measuring their contribution potentials to redox chemical 
looping. Crystallographic studies confirmed the structural stability of LSF and SiO2 in recurrent 
applications and reveal an interfacial wettability effect that reverses sintering of the active phase 
as confirmed by visual examination through microscopy. In this chapter, the role of silica in 
enhancing the CO2 conversion performance by perovskite-type oxides was unraveled. 
5.1 XRD 
XRD patterns of LSF and SiO2 along with that of the LSF25/SiO2 amalgam (25% by 
weight of LSF) are reported in Figure 9a. The composite sample indicates the dominant presence 
of pure phase silica (hexagonal quartz [Ref. Code: 00-046-1045]) and LSF phases (orthorhombic 
structure [Ref. Code: 00-035-1480]). Closer inspection of the 25-40 2θ° (Figure 9b) range reveal 
formation of secondary phases FeSiO3 and La2SiO5 in minor amounts. These became more 
prominent after H2-reduction and subsequent temperature-programmed oxidation under CO2  
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 (TPO-CO2) experiments. The LSF-SiO2 interface region of the composite material is the most 
vulnerable to solid state reactions. Yet FeSiO3 and La2SiO5 are present as traces and exhibit no 
adverse effects on the long-term stability of the composite. SiC is used as non-oxygen based 
reference support to test the effect of Si on stability, secondary phase formation, and CO2 
conversion performance of perovskite:SiC mixtures. The diffraction pattern of the SiC-based  
Table 3. Sample nomenclature for perovskite composites synthesized and tested in 
temperature-programmed experiments. The orthorhombic lattice parameters of LSF in fresh 
samples are calculated using Ref. Code: 00-035-1480 from the X’Pert Highscore Plus data 
library. The BET specific surface areas (SSA) are also included for certain samples. 
LSF/support 
(X% w/w) Sample  
LSF orthorhombic 
lattice parameters of 
fresh samples (Å) 
LSF 
Cell 
Volume 
(Å3) 
FeSiO3 
XRD 
R.I. a 
La2SiO5 
XRD 
R.I.a 
BET 
SSA 
(m2/g) a b c 
None LSF 5.510 5.540 7.792 237.93 - - 1.9 
Quartz 
(silica) 
25% 
LSF 
LSF25/SiO2 5.518 5.532 7.813 238.53 1.35 % 0.76 % 1.1 c 
50% 
LSF 
LSF50/SiO2 5.522 5.537 7.826 239.33 1.74 % 0.72 % - 
75% 
LSF 
LSF75/SiO2 5.532 5.526 7.825 239.30 0.71 % 0.50 % - 
Black Silicon 
carbide 
70 grit 
LSF25/SiC 5.527 5.531 7.822 239.18 n. d. b n. d. b - 
a Relative intensities of secondary phase diffraction lines with respect to the dominant 
crystalline Miller index 
b Nothing detected 
c Quartz SSA (after heat treatment at 950 °C): 1.7 m2 g-1 
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amalgam illustrates absence of any secondary phases, even after H2-reduction and subsequent 
TPO-CO2, as is evident from Figure 9c and Figure 9d. 
The presence of secondary phases (FeSiO3 and La2SiO5) in the LSF/SiO2 composites can 
be consequential to perovskite grain characteristics and CO2 conversion performance. Therefore, 
different ratios of LSF and SiO2 are tested, resulting in varying concentrations of these phases as 
evident from the relative peak intensities (R.I) at 28.0, 30.6, and 35.5 2θ° (Figure 9e). The R.I. of 
the primary diffraction pattern affiliated with orthorhombic FeSiO3 (Ref. Code: 01-076-0886) 
changes from 1.35% to 1.74% to 0.71% with increasing LSF content (25% to 75%) as indicated 
in Table 3. The (-202) XRD peak of monoclinic La2SiO5 (Ref. Code: 00-040-0234) however, 
 
Figure 9.  XRD and FTIR data for LSF in Si-based composites. a) Diffraction patterns of fresh 
and post TPO-CO2 LSF25/SiO2 with constituents and b) closer inspection of 25-40 2θ range to 
show the emergence of secondary phases. c) Diffraction patterns of fresh and post TPO-CO2 
LSF25/SiC with constituents and d) closer inspection of the aforementioned range to show the 
absence of secondary phases. e) Diffraction patterns of LSFX/SiO2 (X = 25, 50, 75) each show a 
presence of secondary phases while f) Fourier transform infrared spectra illustrate the consistent 
decrease in silica content at 1080 cm-1 with increasing LSF content. 
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remains relatively constant between 0.76% and 0.50% possibly due to high activation energies 
for La ion migration in perovskites with short O - Fe – O and O – O distances in the lattice.78 
Silica phase transition from quartz to tridymite, a typically lethargic transformation even with 
alkali promoters,79 was negligible. Overall, apart from the minor formation of secondary phases, 
which remain stable over several CO2 conversion cycles, orthorhombic LSF and hexagonal SiO2  
phases maintain dominancy. Fourier transform infrared spectroscopy (FTIR) results, shown in  
Figure 9f, confirms a consistent trend of decreasing silica peak at 1080 cm-1 with increasing LSF 
in the composites. A notable trend observed in the LSF:SiO2 amalgams is the change in 
orthorhombic cell volume with different ratios as reported in Table 3. This pattern is 
complementary with the formation of secondary phases as shown in Fig 9e. The generation of 
secondary phases along with surface wetness results in interfacial strain and a slight increase in 
the cell volume as previously witnessed in interfacial layers between SiO2 and complex Sr 
oxides.80 Calculation of the LSF crystallite size via Scherrer analysis reveals the role of supports 
in restricting the perovskites from sintering during RWGS-CL experiments as documented in 
Table 3. This particular role of supports in tuning the LSF crystallite size and strain is 
fundamental for exploring the underlying mechanism of CO2 conversion over these composites.   
5.2 Temperature-programmed Experiments 
Sustainable chemical looping with perovskite oxides requires the formation of oxygen 
deficient phases without decomposition to disparate species. The TPR profiles (Figure 10a) 
suggest 600 °C is still an adequate temperature for achieving numerous vacancies prior to CO2 
conversion while retaining material intactness. CO formation is indicated by the m/z = 28 peak 
as displayed in Figure 10b. Complementary to TPR experiments, CO generates over the LSF 
composites at about 50 °C higher than over pure LSF. Quantifications in Table 4 shows that H2O 
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production surpasses that of CO due to a few crucial factors. The entirety of perovskite surface 
oxygen, for instance, contributes to immense H2O formation during first-time reduction. Yet 
replenishment remains highly implausible due to the gradual buildup of kinetic stagnation during 
CO2 conversion. Moreover, the activity of oxygen vacant sites towards CO formation is closely  
related to the net number of oxygen vacancies present at any time. CO2 adsorption strength over 
a perovskite oxide increases with the extent of surface oxygen vacancies, reflecting higher 
probability of conversion.10 Thus, with progressive refilling of oxygen vacant sites via CO2  
 
 
Figure 10.  Temperature-programmed experimental data for H2O and CO production by LSF in 
Si-based composites. a) TPR spectrums show 600 °C is an adequate temperature for partial 
reduction of the materials. b) TPO-CO2 reveals the changes in CO production with each support 
and mass ratio. c) H2O and CO quantifications. 
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conversion to CO comes a gradual stagnation of surface exchange kinetics resulting in less CO  
production than that of H2O in the first cycle.  
Capacities of 2.21 mmol H2O gLSF-1 and 0.69 mmol CO gLSF-1 are produced during the 
control experiment with unsupported LSF. While utilization of SiO2 as a supporting material 
with 25% LSF results in a 67% increase in H2O formation capacity at 3.69 mmol gLSF-1, CO 
production experiences a greater magnitude of improvement of 150% for a total yield of 1.70 
mmol gLSF-1. LSF25/SiC also exhibits improved H2O (2.91 mmol gLSF-1) and CO (1.20 mmol gLSF-
1) formation. The XRD patterns of LSF:SiO2 amalgams after the experiment show the presence 
of pure orthorhombic LSF and hexagonal SiO2 phases along with minor concentrations of 
secondary phases of FeSiO3 and La2SiO5. Density functional theory (DFT) based calculations 
from the previous chapter revealed that the LSF phase is the most favorable substrate to 
accommodate oxygen vacancies while all other phases (SiO2, FeSiO3 and La2SiO5) demand a 
higher energy input to create oxygen vacancies (Figure 7a). CO2 conversion results for 
LSF25/SiC validate this hypothesis, for this composite demonstrates enhanced H2O and CO 
formation without consisting of SiO2 or secondary phases. Thus, the reason for better CO2 
conversion is attributed to more surface area of LSF exposed for gas interactions. This is 
Table 4. Quantified TPR and TPO-CO2 results for LSF with Si-based supports. 
Sample H2O yield (μmol/gLSF) CO yield (μmol/gLSF) 
LSF 2210 690 
LSF25/SiO2 3690 1700 
LSF25/SiC 2910 1200 
LSF50/SiO2 1250 380 
LSF75/SiO2 1540 530 
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corroborated by the decreased crystallite size of LSF in the composites compared to its pure 
phase catalyst. 
Moreover, the increased cell volume of the LSF perovskite indicates the presence of a 
strained perovskite structure. As shown in Figure 7b, an expanded crystal lattice enables oxygen 
vacancy formation in LSF. Thus, these strained interfaces, suggested by cell volume calculations 
in Table 3, were found to promote oxygen vacancy creation and subsequently enhance CO2 
conversion. SiO2 shows greater promise than SiC, as it manifests a wettability effect on the 
perovskite particles. Silica was previously shown to demonstrate affinity for transition metals 
and is capable of both reducing particle sizes81 and contact angles.82 However, there exists an 
optimum LSF:SiO2 ratio as is evident from Figure 10b whereby LSF50/SiO2 and LSF75/SiO2 
shows poor CO2 conversion performance. This is associated with increased formation of FeSiO3 
and La2SiO5 at the LSF:SiO2 interface. These secondary phases act as catalyst poisons, reducing 
the composites’ ability to accommodate oxygen vacancies and CO generation capacity. As 
aforementioned, they are also believed to be the underlying cause of an increase in Evac due to 
additional cationic vacancies,74 and therefore the reduction temperature observed in the TPR 
experiments. LSF25/SiO2 however, simultaneously demonstrates minimal secondary phase 
formation and maximum wettability making the material a suitable candidate for chemical 
looping. 
5.3 RWGS-CL 
The stability and activity of the materials are demonstrated across eight consecutive 
RWGS-CL cycles (Figure 11).  LSF25/SiO2 achieves the highest H2O and CO yields per 
perovskite mass basis. By the concluding cycle, the results for LSF25/SiO2 settle at about 3.10  
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mmol H2O gLSF-1 per cycle and 2.60 mmol CO gLSF-1 per cycle. Overall, LSF25/SiO2 exhibits 8% 
and 12% decreases in H2O and CO production, respectively, after 8 cycles. Unsupported LSF 
shows no decrease in H2O production, which stabilizes at about 1.10 mmol H2O gLSF-1, or CO 
production, which remain steady around 0.90 mmol CO gLSF-1. LSF25/SiC demonstrates better 
performance than pure LSF but fell short of LSF25/SiO2. The extent of oxygen vacancy 
formation, δ (in ABO3-δ), for LSF is calculated to be 0.26. That of LSF25/SiO2 and LSF25/SiC are 
0.72 and 0.40 respectively. The CO production rate for pure LSF stabilizes over time at 0.93 
 
Figure 11. RWGS-CL experiment results for LSF, LSF25/SiO2, and LSF25/SiC over eight 
cycles at 600 °C. a) H2O production yields and peak rates. b) CO production yields and peak 
rates. 
33 
 
mmol CO gLSF-1 min-1 in comparison to 0.80 and 0.38 for LSF25/SiO2 and LSF/SiC respectively, 
restrictions potentially imputed to transport limitations exhibited by the supports.  
5.4 Microscopy 
Perhaps the greatest significance of the chemical looping data is attributed to the 
escalation in the H2O production rate using SiO2. As aforementioned, accelerated oxygen 
vacancy formation is concomitant with smaller average perovskite particle radii.34, 36 It is also 
possible that water spillover to the silica support may enable faster reduction rates, but this effect 
is anticipated to be minimal in comparison due to the limited water adsorption at these elevated 
temperatures. Crystallite size reduction, resulting in increased surface area of LSF, is established 
to be the primary governing criteria for enhanced CO2 conversion by supported perovskites. 
Although the average crystallite size of unsupported LSF remains unchanged throughout the 8 
cycles, that of the supported samples decreases (Table 5). More in particular, LSF supported on 
SiO2 results in a 55% decrease in crystallite size and compliments the loss of bulk oxygen during 
the course of particle separation. This notable change is illustrated and confirmed by 
transmission electron microscopy (TEM; Figure 12). While the size of fresh LSF particles, 
unsupported and supported, remain in the micron threshold, small clusters of LSF nanoparticles 
formed during RWGS-CL. These nanoparticles are essentially a source of active sites for oxygen 
vacancy formation and CO2 conversion. These nanoparticles are not seen to consist of any 
metallic (Fe, Sr or La) phases nor are they comprised of any binary oxides (Fe oxides, Sr oxides 
and La oxides). As is evident from figure 6h, the high-resolution image of the nanoparticle 
structure reveals the (020) crystal facet that matches that of the fresh samples (Figure 12c) and 
post reaction samples (Figure 12e). Moderate interaction between LSF nanoparticles and silica 
rafts restricts their agglomeration, thereby ensuring a surfeit of active sites for CO2 conversion. 
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Table 5. Crystallite size estimations by Scherrer analysis for fresh and post RWGS-CL experiment 
samples. Spherical particles are assumed. 
Sample 
Fresh perovskite crystallite 
size (Å) 
Post RWGS-CL perovskite 
crystallite size (Å) 
LSF 350.9 350.9 
LSF25/SiO2 351.2 269.1 
LSF25/SiC 384.6 336.3 
 
Although silicon carbide demonstrates the same effect according to the Scherrer analysis, 
it is assured that the particle size reduction magnitude remains much greater when utilizing silica 
to support perovskite-oxides. Because the black silicon carbide was not reduced, but rather 
pretreated at 1000 °C in air, there is expected to be a notable presence of oxygen due to a 
partially oxidized surface83-84 and iron oxide impurities. Anton et.al concluded that interactions 
between a support and active phase are much stronger when using a bulk oxide as opposed to an 
inert support consisting of a few surface oxide layers.85 Perovskite segregation likely occurred 
during the second reduction step when surface oxygen was previously removed and the increase 
in H2O was noted. The high presence of metallic B-site metals on the perovskite surface during 
reduction86-87 is perhaps the driving force for particle size reduction on silica due to the 
spontaneity of metals to diffuse into the top layers of the oxide bulk. The kinetic inclination of 
these ions perhaps pulls apart the large particles to form nanoparticles. This phenomenon is 
accompanied by the strong surface energy of the reduced perovskite, i.e., oxygen vacant 
perovskites show strong affinity for species with high oxygen content, such as CO2 or even 
potentially SiO2 regardless of its inert behavior. This surface behavior was not observed in the 
post TPO-CO2 samples where CO2 flows over these samples up to 950 °C. It is thus evident that 
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perovskite particle aggregation is inevitable at high temperatures during synthesis and other STC 
processes, but may be reversed by subjection to the RWGS-CL process in the presence of 
appropriate supports at low thermochemical temperatures. 
 
Figure 12. Microscopy of LSF on SiO2. a) Visual schematic of LSF particle size modification 
by supporting materials during RWGS-CL. TEM images of LSF indicating b) particle size and 
c) interplanar spacing. Fresh LSF25/SiO2 d) interface and e) interplanar spacing. LSF25/SiO2 
after 8 RWGS-CL cycles f-h) illustrating a significant decrease in LSF particle size and 
formation of nanoparticles. 
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK 
6.1 Main Contributions 
This work demonstrated 200% enhancements for CO generation yields for RWGS-CL 
through the formation of composite materials. SiO2, as opposed to all other supports tested, is 
identified as an appropriate supporting material for perovskite-type oxides, La0.75Sr0.25FeO3 
(LSF) in this case, due to its wetting influence, ability to reverse LSF particle aggregation 
resulting from calcination, and induction of lattice strain. Formation of inhibiting species (i.e., 
metal silicate phases, FeSiO3 and La2SiO5) that may cause interfacial barriers are restricted by 
adjusting the perovskite:silica mass ratio and avoiding the high temperatures of other solar 
thermochemical processes. Long-term stability of the LSF:SiO2 composite (25 wt% perovskite) 
is demonstrated over eight cycles of RWGS-CL. Perovskite reduction, the cycle limiting step, is 
significantly improved to a rate of 1.7 mmol H2O gLSF-1 min-1 using the composite while CO 
generation rates remains stable at 0.8 mmol CO gLSF-1 min-1. This study presents a new materials 
platform towards enhanced reaction activity by oxygen deficient perovskite oxides and provides 
an avenue to increase earth abundancy of materials used in sustainable production of fuels and 
chemicals using CO2 as a feedstock.  
6.2 Future Work 
Now that SiO2 was identified as an efficient and abundant supporting material, future 
studies may allocate focus towards optimization of the supporting material. Referring back to 
Table 3, the surface area of the quartz was merely 1.10 m2/g. It may then be of utmost interest to 
study mesoporous forms of SiO2 such as SBA-15 which has achieved a surface area of about 500 
37 
 
m2/g and a pore diameter of up to 30 nm.88 Scherrer analysis results suggest perovskite particle 
sizes ranging from about 27 to 53 nm; much too large for the SBA-15. Applying the same 
composite synthesis procedures would either result in pore clogging or limitation of perovskite 
supporting to the exterior support surface, leaving the pore network interior virtually untouched. 
This will a require a material-based study that develops procedures for synthesizing perovskite 
oxides on mesoporous SiO2. It is imperative to maintain high calcination temperatures required 
to ensure perovskite stability yet SBA-15 must be synthesized at low temperatures (< 600 °C) to 
maintain large pore sizes. Focus will be allocated towards the effects of combining perovskite 
and SBA-15 precursor gels or synthesizing one component completely before combining it with 
the other precursor gel. For instance, combining SBA-15 with the perovskite gel may allow the 
polymer complex to diffuse inside the pore network where it will reside during calcination. On 
the other hand, the perovskite powder should dissolve in the ethanol-based SBA-15 precursor 
solution and may potentially incorporate itself inside the pore network during the final heat 
treatment step. Synthesizing perovskites on SBA-15 is expected to result in the same 
phenomenon witnessed using simple quartz. However, a much greater surface area is expected to 
increase the amount of perovskite that may be combined with it. With quartz, a significant 
decrease in CO production was witnessed with perovskite mass percentages over 25%. While 
perhaps the quartz surface neared saturation by perovskites, SBA-15 may circumvent this issue 
with a higher magnitude of particle segregation and surface distribution. 
 
 
 
 
38 
 
 
 
 
 
 
REFERENCES 
 
(1) The Global Status of CCS: 2016: Summary Report; Global C.C.S. Institute: 2016; p 28. 
(2) Centi, G.; Perathoner, S., Green carbon dioxide: advances in CO2 utilization. John Wiley 
& Sons: Hoboken, NJ, 2014. 
(3) Trevor, J. E.; Kortright, F. L., Am. Chem. J. 1894, 16, 611-624. 
(4) Ermanoski, I.; Siegel, N. P.; Stechel, E. B., J. Sol. Energy Eng. 2013, 135. 
(5) Furler, P.; Scheffe, J. R.; Gorbar, M.; Moes, L.; Vogt, U.; Steinfeld, A., Energy Fuels 
2012, 26, 7051-7059. 
(6) Lapp, J.; Davidson, J. H.; Lipiński, W., Energy 2012, 37, 591-600. 
(7) McDaniel, A. H.; Miller, E. C.; Arifin, D.; Ambrosini, A.; Coker, E. N.; O'Hayre, R.; 
Chueh, W. C.; Tong, J., Energy Environ. Sci. 2013, 6, 2024-2028. 
(8) Bork, A. H.; Kubicek, M.; Struzik, M.; Rupp, J. L. M., J. Mater. Chem. A 2015, 3 (30), 
15546-15557. 
(9) Daza, Y. A.; Maiti, D.; Hare, B. J.; Bhethanabotla, V. R.; Kuhn, J. N., Surf. Sci. 2016, 
648, 92-99. 
(10) Daza, Y. A.; Maiti, D.; Kent, R. A.; Bhethanabotla, V. R.; Kuhn, J. N., Catal. Today 
2014, 258, 691-698. 
(11) Takeda, H.; Koike, K.; Inoue, H.; Ishitani, O., J. Am. Chem. Soc. 2008, 130, 2023-2031. 
(12) Daza, Y. A.; Kent, R. A.; Yung, M. M.; Kuhn, J. N., Ind. Eng. Chem. Res. 2014, 53, 
5828-5837. 
(13) Jiang, Q.; Tong, J.; Zhou, G.; Jiang, Z.; Li, Z.; Li, C., Sol. Energy 2014, 103, 425-437. 
(14) Maiti, D.; Hare, B. J.; Daza, Y. A.; Ramos, A. E.; Kuhn, J. N.; Bhethanabotla, V. R., 
Energy Environ. Sci. 2018, DOI: 10.1039/C7EE03383D. 
(15) Mallapragada, D. S.; Singh, N. R.; Curteanu, V.; Agrawal, R., Ind. Eng. Chem. Res. 
2013, 52, 5136-5144. 
(16) Wenzel, M.; Rihko-Struckmann, L., AIChE J. 2017, 63 (1), 15-22. 
(17) Peña, M. A.; Fierro, J. L. G., Chem. Rev. 2001, 101, 1981-2017. 
(18) Fan, L.; Zeng, L.; Luo, S., AIChE J. 2015, 61 (1), 1-22. 
(19) Tiep, N. H.; Ku, Z.; Fan, H. J., Adv. Energy Mater. 2016, 6 (3). 
(20) Neal, L. M.; Shafiefarhood, A.; Li, F., ACS Catal. 2014, 4, 3560-3569. 
(21) He, F.; Li, F., Energy Environ. Sci. 2015, 8, 535-539. 
(22) Demont, A.; Abanades, S.; Beche, E., J. Phys. Chem. C 2014, 118 (24), 12682-12692. 
(23) Evdou, A.; Zaspalis, V.; Nalbandian, L., Fuel 2010, 89, 1265-1273. 
(24) McDaniel, A. H.; Ambrosini, A.; Coker, E. N.; Miller, J. E.; Chueh, W. C.; O'Hayre, R.; 
Tong, J., Energy Procedia 2014, 49, 2009-2018. 
(25) Carter, S.; Selcuk, A.; Chater, R. J.; Kajada, J.; Kilner, J. A.; Steele, B. C. H., 1992, 53-
56, 597. 
(26) Søgaard, M.; Hendriksen, P. V.; Mogensen, M., J. Solid State Chem. 2007, 180, 1489-
1503. 
39 
 
(27) Daza, Y. A.; Maiti, D.; Kent, R. A.; Bhethanabotla, V. R.; Kuhn, J. N., Catal. Tod. 2015, 
258, 691-698. 
(28) Advances in Clean Hydrocarbon Fuel Processing: Science and Technology. Woodhead 
Publishing: Cambridge, UK, 2011. 
(29) Agrafiotis, C.; Roeb, M.; Sattler, C., Renewable Sustainable Energy Rev. 2015, 42, 254-
285. 
(30) Furler, P.; Scheffe, J. R.; Steinfeld, A., Energy Environ. Sci. 2012, 5, 6098-6103. 
(31) Gallei, E.; Schwab, E., Catal. Today 1999, 51 (3–4), 535-546. 
(32) Campanati, M.; Fornasari, G.; Vaccari, A., Catal. Today 2003, 77 (4), 299-314. 
(33) Bell, A. T., Science 2003, 299, 1688-1691. 
(34) Crank, J., The mathematics of diffusion. 2nd. ed.; Oxford University Press: Oxford, 
England, 1979. 
(35) Maier, J., Solid State Ionics 1998, 112, 197-228. 
(36) Bredesen, R.; Mertins, F.; Norby, T., Catal. Today 2000, 56, 315-324. 
(37) Armstrong, E. N.; Duncan, K. L.; Wachsman, E. D., Phys. Chem. Chem. Phys. 2013, 15 
(7), 2298-2308. 
(38) Bouwmeester, H. J. M.; Kruidhof, H.; Burggraaf, A. J., 1994, 72, 185. 
(39) Hare, B. J.; Maiti, D.; Daza, Y. A.; Bhethanabotla, V. R.; Kuhn, J. N., Submitted 2018. 
(40) Popa, M.; Kakihana, M., Solid State Ionics 2002, 151, 251-257. 
(41) Rousseau, S.; Loridant, S.; Delichere, P.; Boreave, A.; Deloune, J. P.; Vernoux, P., Appl. 
Catal. B: Environ. 2009, 88, 438-447. 
(42) Kakihana, M.; Arima, M.; Yoshimura, M.; Ikeda, N.; Sugitani, Y., J. Alloys Compd. 
1999, 283, 102-105. 
(43) ten Elshof, J. E.; Bouwmeester, H. J. M.; Verweij, H., Solid State Ionics 1996, 89, 81-92. 
(44) Corberan, V. C.; Tejuca, L. G.; Bell, A. T., J. Mater. Sci. 1989, 24, 4437. 
(45) Ullmann, H.; Trofimenko, N.; Tietz, F.; Stöver, D.; Ahmad-Khanlou, A., Solid State 
Ionics 2000, 138, 79-90. 
(46) Teraoka, Y.; Zhang, H.; Purukawa, S.; Yamazoe, N., Chem. Lett. 1985, 14 (11), 1743-
1746. 
(47) Bi, Y. D.; Zhang, W.; Xu, H. Y.; Li, W. Z., 2007, 119, 126-133. 
(48) Concepcion, P.; Corma, A.; Silvestre-Albero, J., 2007, 46 (1-2), 31-38. 
(49) Galvita, V. V.; Poelman, H.; Bliznuk, V.; Detavernier, C.; Marin, G. B., Ind. Eng. Chem. 
Res. 2013, 52, 8416−8426. 
(50) Goguet, A.; Meunier, F.; Breen, J. P.; Burch, R.; Petch, M. I.; Ghenciu, A. F., J. Catal. 
2004, 226, 382-392. 
(51) Goguet, A.; Meunier, F. C.; Tibiletti, D.; Breen, J. P.; Burch, R., J. Phys. Chem. B 2004, 
108, 20240-20246. 
(52) Jacobs, G.; Williams, L.; Graham, U.; Sparks, D.; Davis, B. H., J. Phys. Chem. B 2003, 
107, 10398-10404. 
(53) Wang, L.; Zhang, S.; Liu, Y., J. Rare Earth 2008, 26, 66-70. 
(54) Zhu, T.; Flytzani-Stephanopoulos, M., 2001, 208, 403. 
(55) Sayama, K.; Arakawa, H., J. Phys. Chem. 1993, 97, 531-533. 
(56) Yamaguchi, T., Catal. Today 1994, 20 (2), 199-217. 
(57) Laguna, O. H.; Sarria, F. R.; Centeno, M. A.; Odriozola, J. A., J. Catal. 2010, 276, 360-
370. 
(58) Tong, J.; Jiang, Q.; Chen, Z.; Jiang, Z.; Li, C., Sol. Energy 2015, 116, 133-143. 
40 
 
(59) Pakulska, M. M.; Grgicak, C. M.; Giorgi, J. B., 2007, 332, 124-129. 
(60) Kharton, V. V.; Shaula, A. L.; Snijkers, F. M. M.; Cooymans, J. F. C.; Luyten, J. J.; 
Marozau, I. P.; Viskup, A. P.; Marques, F. M. B.; Frade, J. R., J. Eur. Ceram. Soc. 2006, 26, 
3695-3704. 
(61) Pines, H.; Haag, W. O., J. Am. Chem. Soc. 1960, 82, 2471-2483. 
(62) Hicks, R. W.; Castagnola, N. B.; Zhang, Z.; Pinnavaia, T. J.; Marshall, C. L., Appl. 
Catal., A 2003, 254, 311-317. 
(63) Fujikawa, T.; Idei, K.; Ebihara, T.; Mizuguchi, H.; Usui, K., 2000, 192, 253-261. 
(64) Kirumakki, S. R.; Shpeizer, B. G.; Sagar, G. V.; Chary, K. V. R.; Clearfield, A., 2006, 
242, 319. 
(65) Lecarpentier, S.; van Gestel, J.; Thomas, K.; Gilson, J.-P.; Houalla, M., 2008, 254, 49-63. 
(66) Wan, G.; Duan, A.; Zhao, Z.; Jiang, G.; Zhang, D.; Li, R.; Dou, T.; Chung, K. H., 2009, 
23, 81-85. 
(67) Kim, S. S.; Lee, H. H.; Hong, S. C., Appl. Catal. B: Environ. 2012, 119-120, 100-108. 
(68) Panagiotopoulou, P.; Kondarides, D. I.; Verykios, X. E., Catal. Today 2012, 181 (1), 
138-147. 
(69) Ivanova, S.; Senysshyn, A.; Zhecheva, E.; Tenchev, K.; Nikolov, V.; Stoyanova, R.; 
Fuess, H., J. Alloys Compd. 2009, 480, 279-285. 
(70) Wendlandt, W. W., Anal. Chim. Acta 1956, 15, 435-439. 
(71) Cullity, B. D., Elements of X-Ray Diffraction. Addison-Wesley Publishing Company, 
Inc.: USA, 1956; Vol. 1. 
(72) Perdew, J. P.; Burke, K.; Ernzerhof, M., 1996, 77 (18), 3865-3868. 
(73) Wang, L.; Maxisch, T.; Ceder, G., Phys. Rev. B 2006, 73 (19), 195107. 
(74) Maiti, D.; Daza, Y. A.; Yung, M. M.; Kuhn, J. N.; Bhethanabotla, V. R., J. Mater. Chem. 
A 2016, 4, 5137-5148. 
(75) Lindsley, D. H.; Davis, B. T. C.; MacGregor, I. D., Science 1964, 144 (3614), 73-74. 
(76) Ledoux, M. J.; Pham-Huu, C., CATTECH 2001, 5, 226-246. 
(77) Ledoux, M. J.; Hantzer, S.; Pham-Huu, C.; Guille, J.; Desaneaux, M.-P., J. Catal. 1988, 
114, 176-185. 
(78) Islam, M. S., J. Mater. Chem. 2000, 10, 1027-1038. 
(79) Holmquist, S. B., J. Am. Ceram. Soc. 1961, 44 (2), 82-86. 
(80) McKee, R. A.; Walker, F. J.; Chisholm, M. F., Phys. Rev. Lett. 1998, 81 (14), 3014-3017. 
(81) Kim, B. J.; Lee, J.; Yoo, J. B., Thin Solid Films 1999, 341 (1-2), 13-17. 
(82) Sangiorgi, R.; Muolo, M. L.; Chatain, D.; Eustathopoulos, N., J. Am. Ceram. Soc. 1988, 
71 (9), 742-748. 
(83) Presser, V.; Nickel, K. G., Crit. Rev. Solid State 2008, 33 (1), 1-99. 
(84) Jorgensen, P. J.; Wadsworth, M. E.; Cutler, I. B., J. Am. Ceram. Soc. 1959, 42 (12), 613-
616. 
(85) Anton, R., Thin Solid Films 1984, 120 (4), 293-311. 
(86) Ciambelli, P.; Cimino, S.; Lisi, L.; Faticanti, M.; Minelli, G.; Pettiti, I.; Porta, P., Appl. 
Catal., B 2001, 33, 193-203. 
(87) Nishihata, Y.; Mizuki, J.; Akao, T.; Tanaka, H.; Uenishi, M.; Kimura, M.; Okamoto, T.; 
Hamada, N., Nature 2002, 418, 164-167. 
(88) Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Fredrickson, G. H.; Chmelka, B. F.; Stucky, G. 
D., Science 1998, 279, 548-552. 
 
41 
 
 
 
 
 
 
APPENDICES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
42 
 
Appendix A: Copyright Permissions 
 
A.1 Permission for Use of Material in Chapter 5 
 
